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A B S T R A C T
Purpose: Hypsarrhythmia, the pathognomonic EEG pattern of West syndrome, is typically characterized
by a high amplitude, arrhythmic, and asynchronous pattern. While this severely aberrant pattern would
suggest severe abnormalities in connectivity, coherence has not yet been systematically assessed in
hypsarrhythmia.
Methods: We evaluated the EEGs of 28 infants, 12 with infantile spasms with hypsarrhythmia and 16
similarly age control infants for coherence and spectral power.
Results: Children with infantile spasms and hypsarrhythmia EEGs had marked abnormalities in
coherence and spectral power compared to normal children of similar ages. During sleep increases in
delta, theta, alpha and beta coherences were seen, particularly at long inter-electrode distances while at
short inter-electrode distances coherences were decreased in the theta and beta range, particularly in the
frontal region. The enhanced coherences at long inter-electrode distances suggest that during sleep in
children with infantile spasms widely spread cortical region do not have functional differentiation
whereas in the frontal lobe there is reduced functional connectivity and integration of local cortical
regions. Children with continued seizures and developmental delay showed persistent abnormalities in
coherence.
Conclusion: This study demonstrates that hypsarrhythmic EEGs have marked abnormalities in
coherence spectral power and such abnormalities may be related to cognitive impairment.
 2014 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved.
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West syndrome is a devastating, age-related epileptic enceph-
alopathy characterized by infantile spasms, developmental delay
and a pathognomonic EEG pattern of hypsarrhythmia, an abnormal
EEG pattern that is typically characterized by a high amplitude,
arrhythmic, and asynchronous electrical activity consisting of slow
and sharp waves and multi-focal spikes.1 The markedly aberrant
oscillations in hypsarrhythmia may play a critical role in the
cognitive impairment seen in West syndrome since it is known
that brain oscillations are essential for binding cooperating
neuronal assemblies in the representation, processing, storage
and retrieval of information.2–7 While the hypsarrhythmic pattern
suggests that connectivity between different brain structures may
be reduced, functional connectivity has not been evaluated in
hypsarrhythmia.* Corresponding author at: Department of Neurological Sciences, 89 Beaumont
Avenue, Given C225, Burlington, VT 05405, United States. Tel.: +1 802 656 4588;
fax: +1 802 656 4588.
E-mail address: Gregory.Holmes@uvm.edu (G.L. Holmes).
http://dx.doi.org/10.1016/j.seizure.2014.03.016
1059-1311/ 2014 British Epilepsy Association. Published by Elsevier Ltd. All rights reIn this study, oscillatory activity from children with infantile
spasms was compared with age-matched controls, with a
particular emphasis on coherence. On a frequency by frequency
basis, EEG spectral coherence represents the consistency of the
phase difference between two EEG signals when compared over
time. Coherence is a measure of synchronization between two EEG
signals based mainly on phase consistency. EEG coherence is often
interpreted as a measure of ‘‘coupling’’ and as a measure of the
functional association between two brain regions.8,9 High coher-
ence values are taken as a measure of strong connectivity between
the brain regions that produce the compared EEG signals.10
Based on the classical description of hypsarrhythmia of a high
amplitude, arrhythmic, and asynchronous electrical pattern
consisting of slow and sharp waves and multi-focal spikes we
hypothesized that compared to controls: (i) infants with hypsar-
rhythmia would have reduced coherences at both long and short
inter-electrode distances; and (ii) infants with hypsarrhythmia
would have high absolute power in the delta bandwidths and a
higher relative delta and lower alpha power.
We report here that our hypothesis that coherences would be
lower in children with West syndrome was rejected. Children with
West syndrome differed markedly from age-matched normalserved.
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electrode distances. The second hypothesis that infants with
hypsarrhythmia have higher absolute higher in the delta bandwidth
was proven. These marked abnormalities in connectivity and power
may relate to the cognitive deﬁcits occurring in infantile spasms.
2. Methods
The study population consisted of 28 infants, 12 with infantile
spasms (IS) and 16 age-matched controls (CONT) who had routine
or long-term EEG/video recordings. All children in the IS group had
a history of infantile spasms (ﬂexor, extensor or mixed) and had
abnormal EEGs at the time of the study, showing either
hypsarrhythmia or modiﬁed hypsarrhythmia (Suppl. Fig. 1). CONT
children were those who referred for EEGs because of a history
suggestive of seizures and who had normal awake and asleep
recordings. The mean age of the IS groups and CONT did not differ;
IS: 13.00  1.79 months (range 6–24 months); CONT: 15.06  1.77
(range 6–28 months) (p = 0.428). Many of the children had had
infantile spasms for months prior to the EEG recordings used in this
study, thus accounting for the older ages of the children than typically
seen at the onset of infantile spasms. Four of the 12 children with IS
had cerebral dysgenesis (two with bilateral frontal lobe pachygyria,
one with polymicrogyria and one with schizencephaly). All four of the
children with cerebral dysgenesis were having daily infantile spasms
at the time of the EEEG. In the other eight children neuroimaging was
normal and an etiology for the IS was not determined. In these eight
children 6 of the 8 were having spasms at the time of the EEG.
Seven children had follow-up EEGs from 13 to 24 months after
the original EEG (mean age 27.57  2.96 months). In six children the
hypsarrhythmia was no longer present and the EEGs demonstrated
diffuse slowing with multifocal or generalized epileptiform dis-
charges. The six children with abnormal EEGs continued to have
seizures and showed few developmental gains since the onset of the
spasms. In one child the EEG was normal and the child was
developmentally normal. Follow-up EEGs were analyzed and
compared to the CONT group. The study was approved by the
Institutional Review Board of Dartmouth College.
EEGs were performed in the Clinical Neurophysiology Labora-
tory at Dartmouth-Hitchcock Medical Center or Fletcher Allen
Health Care. Digital EEGs were recorded during the fully awake,
drowsy and sleep states using the 10–20 System of Electrode
placement. Ten minute segments of awake and sleep (Stage II)
were selected for analysis. Sections were selected in which artifact
was minimal although because of the young age some muscle and
movement artifact occasionally occurred. Portions of records with
suppression bursts or ictal events were excluded. Wakefulness was
assessed by evaluation of eye blinks and technologist observations.
If there was a concern about possible drowsiness the epoch was not
evaluated. The sleep epochs were obtained during stage two of
sleep when the child’s eyes were closed at a time sleep spindles
and vertex sharp waves were present in the controls. Since sleep
architecture was severely disturbed in the children with IS, sleep
was assessed behaviorally when the child’s eyes were closed and
there was no muscle or movement artifact. Not all of the children
progressed beyond stage two of sleep and therefore slow wave
sleep was not analyzed. None of the children had seizures during
the EEG.
Analysis was performed using Neuroguide software (Applied
Neuroscience, Inc., St. Petersburg, Florida) using a linked-ears
montage. Details regarding the methods are provided in the
Supplementary Material. A prior hypotheses were formulated with
the hypothesis proven or discarded with unpaired t tests, doubled
tail (p < 0.025) using NeurostaEEG Statistical software (Applied
Neuroscience, Inc., St. Petersburg, Florida).3. Results
Absolute power during sleep in the IS group demonstrated
signiﬁcantly higher power in all bandwidths in the IS group than in
the CONT (Suppl. Fig. 2). Relative power evaluation showed
relatively more delta and less theta, beta and gamma in the IS
compared to the CONT (Fig. 1). FFT mean power ratios showed that
in comparison to the CONT, IS children had marked increases in
delta/theta, delta/beta, delta/high beta, theta/high beta, alpha/
beta, alpha/high beta and beta/high beta and marked decreases in
the delta/alpha, theta/alpha and theta/beta ratios. Findings during
the awake were similar (results not shown).
During sleep coherence in the IS short distance inter-electrode
coherence was decreased in frontal and anterior temporal regions
while longer distant inter-electrode coherence was increased
(Fig. 2). Comparison of FFT coherence between CONT and IS groups
during the awake state showed similar ﬁnding to those seen when
the infants were asleep (results not shown).
In the six infants who had follow-up abnormal EEGs and
continued developmental delay the coherences remained markedly
increased compared tothe CONT (Suppl. Fig. 3). Inthe one child witha
normal EEG the coherences didnot differ signiﬁcantly from the CONT.
There was not a relationship between etiology of the IS and EEG
ﬁndings. For example, the child with schizencephaly did not have
any demonstrable clear differences in coherence or power from the
other children with IS.
4. Discussion
The primary ﬁnding in this study is that EEGs from children
with infantile spasms and hypsarrhythmia EEGs have marked
abnormalities both in spectral power and coherence. Not
surprisingly, hypsarrhythmic EEGs, with high voltage, slow,
disorganized and asynchronous background showed high spectral
powers in the low frequencies. Both the profound slowing and
reduction in faster frequencies could contribute to impairment in
informational processing.
The most remarkable ﬁnding in this study was the enhanced,
rather than decreased coherence, compared to normal children of
similar ages. During sleep increases in delta, theta, alpha and alpha
coherences were seen, particularly at long inter-electrode dis-
tances while in the theta bandwidth there were decreased
coherences at short inter-electrode differences in the frontal
region. The ﬁndings during the waking state were in a similar
direction but were less dramatic.
Coherence between two directly-connected structures at
certain frequencies reﬂects the strength of the communication
between them and, therefore, provides information about the
functional integrity of the network. Not surprising, our ﬁndings
show that neuronal networks are markedly altered in children
with infantile spasms, particular during sleep. However what was
surprising was the ﬁnding that there were marked increases in
coherence, indicating that the brain was operating in a widely
synchronous, time-locked state. Increased coherences can be
caused by enhanced connectivity between cerebral structures or
related to cortico-subcortical circuitry contributing to the syn-
chronization of some components of cortical activity.
Intuitively one would expect that enhanced coherences would
be beneﬁcial for normal brain development, high coherences have
been associated with low intelligence and autistic spectrum
disorder. Similar to our children with IS, Duffy and Als,11 found that
in children with autism had enhanced short-distance coherences
and increased long-distant coherences. However, it should be
noted that comparing coherences in children with autism and
West syndrome is difﬁcult. Most children with autism have normal
to mildly abnormal EEGs whereas the hypsarrhythmic pattern in
Fig. 2. Comparison of FFT coherence between CONT and IS groups during sleep. Red lines indicate increased coherence in the IS compared to the CONT and blue lines indicate
decrease coherences with the thickness of the lines reﬂecting degree of signiﬁcance (thin p value of 0.05; medium p  0.025; thick p  0.01). During sleep short distance
inter-electrode coherence is decreased in frontal and anterior temporal regions while longer distant inter-electrode coherence is increased. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of the article.)
Fig. 1. Relative power (ratio of bandwidth compared to total power) during the awake state in IS (A) and CONT (B) groups. (C) Percent difference of relative power between IS
and CONT. Relatively more delta and less theta, beta and gamma was present in the IS compared to the CONT. Frequencies are arranged from left to right, top to bottom: Delta
(0–4 Hz), Theta (4–8 Hz), Alpha (8–12 Hz), Alpha1 (8–10 Hz), Alpha2 (10–12 Hz), Beta (12–25 Hz), High Beta (25–30 Hz), Beta1 (12–15 Hz), Beta 2 (15–18 Hz), Beta 3 (18–
25 Hz), Gamma (30–40 Hz), High Gamma (40–50 Hz), Gamma1 (30–35 Hz) and Gamma2 (35–40 Hz). In (A) and (B) relative power is presented in color from low (blue) to
high (red). In (C) percentage differences are measured from negative (blue) to positive (red). (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of the article.)
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coherences, especially at long inter-electrode in the children with
infantile spasms suggest that during the ‘‘default’’ state of sleep the
brains of children with infantile spasms do not have functional
differentiation, i.e. signaling is not region speciﬁc.
The consequences of such aberrant connectivity are unknown.
We found that in six children with continued EEG abnormalities,
seizures and developmental delay that coherence remained high.
Coherences were normal in one child who was developing
normally. While few conclusions can be drawn from such a
limited number of patients, these ﬁndings raise the possibility that
aberrant coherences may be physiological marker of cognitive
impairment in infants with a history of infantile spasms. Other
factors, such as etiology, are known to inﬂuence outcome in West
syndrome. Future studies should determine whether coherences in
West syndrome are related to etiology and whether the prognosis
in children with persistent abnormalities in coherence differs from
those children in which coherences normalize.
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